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In either eutrophic Dianchi Lake or mesotrophic Erhai Lake, the abundance, diversity,
and structure of archaeaplankton communities in spring were different from those
in summer. In summer, archaeaplankton abundance generally decreased in Dianchi
Lake but increased in Erhai Lake, while archaeaplankton diversity increased in
both lakes. These two lakes had distinct archaeaplankton community structure.
Archaeaplankton abundance was influenced by organic content, while trophic status
determined archaeaplankton diversity and structure. Moreover, in summer, lake
sediment archaeal abundance considerably decreased. Sediment archaeal abundance
showed a remarkable spatial change in spring but only a slight one in summer. The
evident spatial change of sediment archaeal diversity occurred in both seasons. In
Dianchi Lake, sediment archaeal community structure in summer was remarkably
different from that in spring. Compared to Erhai Lake, Dianchi Lake had relatively high
sediment archaeal abundance but low diversity. These two lakes differed remarkably in
sediment archaeal community structure. Trophic status determined sediment archaeal
abundance, diversity and structure. Archaeal diversity in sediment was much higher
than that in water. Water and sediment habitats differed greatly in archaeal community
structure. Euryarchaeota predominated in water column, but showed much lower
proportion in sediment. Bathyarchaeota was an important component of sediment
archaeal community.
Keywords: freshwater lake, microbial community, Euryarchaeota, planktonic, sediment, Bathyarchaeota, trophic
status
INTRODUCTION
Archaea might participate in biogeochemical cycling of carbon, nitrogen and sulfur (Hu et al.,
2015; Zhang et al., 2015). Planktonic archaeal populations can be an important component of
prokaryotic community in freshwater lakes (Lehours et al., 2005; Auguet and Casamayor, 2008;
Callieri et al., 2009), but their abundance and structure can vary considerably with both time
and water depth (Pernthaler et al., 1998; Casamayor et al., 2000, 2001; Keough et al., 2003;
Lehours et al., 2005, 2007; Callieri et al., 2009; Berdjeb et al., 2013; Vila-Costa et al., 2013;
Li et al., 2015). Archaeaplankton communities in different lacustrine ecosystems also show the
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marked dissimilarity (Casamayor et al., 2000, 2001; Keough
et al., 2003; Auguet and Casamayor, 2008; Vila-Costa et al.,
2013). However, information on the horizontal change of
archaeaplankton community in freshwater lake is still limited
(Keough et al., 2003; Li et al., 2015). So far, the links between
environmental variables and archaeaplankton community
remain not well understood. A number of environmental factors
might collectively regulate freshwater lake archaeaplankton
community (Berdjeb et al., 2013).
Recently, the distribution of sediment archaeal community in
freshwater lake has received increasing attention. The horizontal
and vertical changes of sediment archaeal community in
freshwater lake ecosystem have been well-documented (Liu et al.,
2009, 2010; Ye et al., 2009; Haller et al., 2011; Bhattarai et al.,
2012; Borrel et al., 2012; Billard et al., 2015; Chen et al., 2015),
yet the seasonal effect on sediment archaeal community remains
under debate. For example, Rodrigues et al. (2014) revealed
the profound seasonal effect on sediment archaeal community
structure in a Cerrado lake, whereas a slight seasonal shift
in sediment archaeal community occurred in other freshwater
lakes (Schwarz et al., 2007; Chen et al., 2015). Information on
the comparison of sediment archaeal communities in different
lacustrine ecosystems is still very limited. Only a recent study
showed a large discrepancy of archaeal community abundance
and structure in profundal sediments of different freshwater
lakes on the Yunnan Plateau (Zhang et al., 2015). To date, the
environmental factors driving the spatiotemporal dynamics of
lake sediment archaeal community remain essentially unclear.
Moreover, there has been no report available on the difference
between planktonic and sediment archaeal communities in
freshwater lake. Therefore, the main goal of this current study
was to investigate the spatial and temporal dynamics of both
planktonic and sediment archaeal populations in freshwater
lake and the associated environmental factors. The discrepancy
of planktonic and sediment archaeal communities was also
investigated.
MATERIALS AND METHODS
Study Sites and Sampling
Eutrophic Dianchi Lake (309 km2) and mesotrophic Erhai Lake
(250 km2) are the largest two freshwater lakes on the Yunnan
Plateau (China). The average water depth of Dianchi Lake and
Erhai Lake were 4.4 and 10 m, respectively (Wang et al., 2015).
In both April (spring, dry season) and August (summer, rainy
season) in 2015, triplicate water samples (30 cm depth below
water surface, about 10 L) and sediment cores (about 2 kg)
were collected from six different sampling locations in either
Dianchi Lake (D1–D6) or Erhai Lake (E1–E6) (Supplementary
Figure S1), using plexiglass water sampler and Kajak tube
core sampler (Denmark), respectively. The sediment cores were
sliced into layers, and the upper layer (0–10 cm) was used for
further chemical and molecular analyses. The physicochemical
properties of lake water and sediment samples were shown
in Supplementary Figures S2 and S3, respectively (Dai et al.,
2015). These water and sediment samples had been used for the
molecular analysis of bacterial communities in our previous study
(Dai et al., 2015).
Quantitative PCR Analysis
For molecular analysis, water samples (300 mL) were prefiltered
through a 40-µm pore-size net, and subsequently microbial
cells in waters was retained using 0.22-µm pore-size membrane
(diameter 50 mm; Millipore). Genomic DNA of the retained
biomass was extracted using E.Z.N.A. Water DNA kit (Omega,
USA). Lake sediment genomic DNA was extracted using
Powersoil DNA extraction kit (Mobio Laboratories, USA). The
quality of DNA were checked by 1.0% agarose gel electrophoresis
and quantified using a biophotometer (Eppendorf, Hamburg,
Germany). The number of archaeal 16S rRNA gene was
quantified by real-time quantitative PCR (q-PCR) using
the primer sets Arch349F (5′-GYGCASCAGKCGMGAAW-
3′)/Arch806R (5′-GGACTACVSGGGTATCTAAT-3′) (Jung
et al., 2011; Liu et al., 2014). SYBR Green q-PCR was carried
out using an ABI 7500 FAST (Applied Biosystems). The 25-µL
reaction mixture included 2× SYBR Green PCR master mix
(12.5 µL), 10 µM Arch349F and Arch806R primers (1 µl),
and template DNA (2 ng). The amplification conditions were
as follows: 10 min at 95◦C followed by 40 cycles of 95◦C for
15 s, annealing for 60 s at 60◦C, and extension at 72◦C for
30 s. Melting curve analysis was carried out from 60 to 95◦C.
Standard curves ranging from 101 to 108 gene copies/mL were
obtained using serial dilutions of linearized plasmids (pGEM-T,
Promega) containing cloned 16S rRNA genes amplified from
environmental DNA. The average amplification efficiency and
coefficient (r2) for archaeal 16S rRNA gene were 96 % and 0.998,
respectively.
High-Throughput Sequencing Analysis
In this study, the total genomic DNA of each water or sediment
sample was amplified using the archaeal primers Arch519F (5′-
CAGCCGCCGCGGTAA-3′)/Arch915R (5′-GTGCTCCCCCGC
CAATTCCT-3′) following the same PCR conditions as
previously described (Coolen et al., 2004). Amplicons were
verified by 1% agarose gel electrophoresis and purified using
QIAquick PCR purification kit (Qiagen Inc.). The PCR products
from triplicate samples were mixed in equal amounts and then
were subject to Illumina MiSeq high-throughput sequencing at
Shanghai Majorbio Bio-pharm Technology Co., Ltd (China).
The obtained raw reads were deposited in the NCBI short-read
archive under accession numbers SRP067264 (water samples)
and SRP067256 (sediment samples). The raw Illumina reads
were merged using FLASH and further processed following
the protocol (Caporaso et al., 2010). The chimeric reads were
discarded using UCHIME (Edgar et al., 2011). Chimeric-free
sequences sharing≥7% similarity were clustered into operational
taxonomic units (OTUs), and then Chao1 richness estimator
and Shannon and Simpson indices were generated using the
UPARSE pipeline (Edgar, 2013). To examine the difference in the
overall community composition between each pair of samples
at the OTU level, the beta diversity analysis was performed
using UniFrac (Lozupone and Knight, 2005). Unweighted
UniFrac with the Quantitative Insights into Microbial Ecology
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(QIIME) program was applied for unweighted pair group
method with arithmetic mean (UPGMA) clustering. In addition,
the taxonomic identities (at phylum and class levels) of archaeal
sequences were classified using the Silva 16S rRNA database
(Quast et al., 2013) and were further validated by phylogenetic
analyses using MEGA software version 6.0 (Tamura et al., 2013).
Statistical Analysis
One-way analysis of variance (ANOVA) followed by Student–
Newman–Keuls test was applied to determine the significant
difference (P < 0.05) in the density of archaeal 16S rRNA gene
among samples. The potential links between the determined
physicochemical properties and the abundance, richness and
diversity of archaeal populations or the proportion of the
dominant archaeal groups were examined with Spearman
rank correlation analysis using the software SPSS 20.0. To
explore the correlations between overall archaeal community
composition (OTU level) and the environmental factors,
detrended correspondence analysis (DCA) was used to select
the suitable ordination analysis method. The longest DCA
axis was found to have a gradient length less than 3 SD
units, so redundancy analysis (RDA) was performed (Lepš and
Šmilauer, 2003) with Monte Carlo tests using CANOCO 4.5
software (Biometrics Wageningen, The Netherlands). In this
study, the number of sequences in each major archaeal OTU
(defined at 50 sequences threshold) was assigned as species input,
whereas water or sediment physicochemical property was used as
environmental input (Zhang et al., 2015).
RESULTS
Archaeal Community Abundance
The density of planktonic archaeal 16S rRNA gene ranged from
1.03 ± 0.07 × 107 to 8.2 ± 0.48 × 107 copies per L water in
Dianchi Lake, whereas waters in Erhai Lake had the archaeal
community size of 6.75 ± 1.71 × 105 to 1.75 ± 0.06 × 108
16S rRNA gene copies per L water (Figure 1A). In spring,
archaeaplankton abundance at sampling site D2 significantly
outnumbered that at sampling sites D3, D4, D5 and D6
(P < 0.05), and the significant difference in archaeaplankton
abundance was also observed between sites D1 and D3 (or
D4). In summer, archaeaplankton abundance at site D1 was
significantly higher than that at other five sites (P < 0.05),
and archaeaplankton was more abundant at site D2 than at
sites D3, D5, and D6 (P < 0.05). These results displayed the
considerable spatial fluctuation of archaeaplankton abundance
in Dianchi Lake in both spring and summer. At a given
sampling site in Dianchi Lake, the significant difference in
archaeaplankton abundance could be observed between spring
and summer water samples (P < 0.05). The summer water
sample generally had much lower archaeaplankton abundance
than the corresponding spring one. Moreover, the six spring
waters from Erhai Lake illustrated no significant difference
in archaeaplankton abundance (P > 0.05), suggesting the
relatively slight spatial shift in archaeaplankton abundance.
However, in summer, archaeaplankton abundance at sites E1,
E3, and E4 was significantly lower than that at other three
sites (P < 0.05), illustrating the remarkable spatial variation of
archaeaplankton abundance. At a given sampling site in Erhai
Lake, archaeaplankton abundance considerably increased in
summer. In addition, Dianchi Lake had higher archaeaplankton
abundance than Erhai Lake in spring, while an opposite trend was
found in summer.
The number of archaeal 16S rRNA gene in sediments
of Dianchi Lake ranged between 1.4 ± 0.2 × 109 and
1.45 ± 0.02 × 1010 copies per gram dry sediment, while
sediments of Erhai Lake showed the archaeal abundance of
3.3 ± 0.65 × 108–4.95 ± 0.11 × 109 16S rRNA gene copies per
gram dry sediment (Figure 1B). In spring, the sediment archaeal
abundance at one sampling site in Dianchi Lake was generally
different from that at other sampling sites (P < 0.05), suggesting
the remarkable spatial change of sediment archaeal abundance.
In contrast, no significant difference in archaeal abundance
was found among the summer sediments at sites D1, D2, D3,
D4, and D6, indicating the relatively slight spatial variation of
sediment archaeal abundance. At a given sampling site in Dianchi
Lake, sediment archaeal abundance considerably decreased in
summer. Moreover, in spring, sediments at sites E1 and E6 had
significantly higher archaeal abundance than those at other four
sites (P < 0.05), and sediments at sites E2 and E4 also showed
significantly higher archaeal abundance than those at sites E3 and
E5 (P < 0.05). This showed the remarkable spatial fluctuation of
archaeal abundance in Erhai Lake spring sediments. However,
no significant difference in archaeal abundance was observed
among the summer sediments at sites E1, E2, E3, E5, and E6
(P > 0.05), indicating the relatively slight spatial variation of
sediment archaeal abundance in summer. At a given sampling site
in Erhai Lake, sediment archaeal abundance generally decreased
in summer. In addition, in either spring or summer, Dianchi Lake
tended to have higher sediment archaeal abundance than Erhai
Lake.
Archaeal Community Richness and
Diversity
In the current study, the number of high-quality archaeal
sequences from each lake sample was normalized to 17,319
for the comparison of community richness and diversity. High
Good’s coverage (≥98%) illustrated that the OTUs of each water
or sediment archaeal library had been well captured. All of
the normalized water and sediment archaeal sequences could
be grouped into 2,600 OTUs. Dianchi Lake waters comprised
44–262 archaeal OTUs, while Erhai Lake waters consisted of 44–
360 archaeal OTUs (Figure 2A). An obvious spatial change of
bacterioplankton OTU number occurred in these two freshwater
lakes. At a given sampling site in Dianchi Lake, the summer water
sample generally had more OTUs than the corresponding spring
one. Moreover, a total of 26 major OTUs (with relative abundance
of no less 1% in at least one water sample) were detected in
lake waters (Supplementary Table S1), while 36 major OTUs
(with relative abundance of no less 1% in at least one sediment
sample) were detected in lake sediments (Supplementary Table
S2). The changes of the proportions of the major OTUs with
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FIGURE 1 | Abundance of archaeal 16S rRNA gene in spring and summer water samples (A) and sediment samples (B) from different sampling
locations in Dianchi Lake and Erhai Lake. Different letters above the columns indicate the significant differences (P < 0.05).
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FIGURE 2 | Archaeal community operational taxonomic units (OTUs) (A), Chao1 richness estimator (B), Shannon index (C), and Simpson index (D).
sampling site and time were found in either Dianchi Lake or
Erhai Lake. Venn diagrams demonstrate the strong overlap in
OTUs between Dianchi Lake and Erhai Lake sediments, while
only 33.6% of OTUs in Dianchi Lake water was identified in Erhai
Lake water (Figure 3). In addition, 15.4% of OTUs in Dianchi
Lake sediment was identified in Dianchi Lake water, and only
6.9% of OTUs in Erhai Lake sediment was present in Erhai Lake
water.
The Chao1 richness estimators of planktonic archaeal
communities in Dianchi Lake and Erhai Lake were 64–331 and
42–132, respectively (Figure 2B), showing an evident spatial
change of archaeaplankton richness. In summer, Dianchi Lake
had higher archaeaplankton richness than Erhai Lake. Moreover,
sediments had much higher OTUs and Chao1 richness than
waters. Sediments in Dianchi Lake had 543–782 OTUs and the
Chao1 estimator of 858–1136, while sediments in Erhai Lake
showed more OTUs (950–1135) and higher Chao1 estimator
(1210–1572). In either spring or summer, the evident spatial
change of sediment archaeal OTU number and Chao1 richness
was found in these two lakes.
Archaeaplankton communities in Dianchi Lake and Erhai
Lake showed the Shannon diversity indices of 1.6–3.32 and 1.69–
2.16, respectively (Figure 2C). In summer, Dianchi Lake had
higher archaeaplankton community diversity than Erhai Lake.
In either spring or summer, archaeaplankton diversity in
Dianchi Lake showed a remarkable spatial variation, while only
a slight spatial variation occurred in Erhai Lake. At a given
sampling site in either of these two lakes, archaeaplankton
diversity was relatively high in summer. Moreover, lake sediments
generally had much higher archaeal diversity than waters.
Sediments in Dianchi Lake had archaeal Shannon diversity
indices of 2.99–4.3, while those in Erhai Lake had relatively higher
diversity (4.46–5.23). In either spring or summer, sediment
archaeal diversity in both of these two lakes showed a remarkable
spatial variation. At a given sampling site in Erhai Lake, sediment
archaeal diversity slightly increased in summer.
Simpson indices of planktonic and sediment archaeal
communities were 0.07–0.38 and 0.01–0.25, respectively
(Figure 2D). In either spring or summer, planktonic archaeal
community evenness in both Dianchi Lake and Erhai Lake
showed a remarkable spatial variation. At a given sampling
site in either of these two lakes, archaeaplankton community
evenness decreased in summer. Lake sediments generally had
lower archaeal evenness than waters. The spatial variation of
sediment archaeal evenness in Dianchi Lake was larger than
that in Erhai Lake. Sediment archaeal evenness in Dianchi Lake
generally decreased in summer, but an opposite trend was found
in Erhai Lake.
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FIGURE 3 | Share OTUs among waters and sediments for pooled
sequences. The Venn diagram was plotted using program R. DS and ES
represent the sediments from Dianchi Lake and Erhai Lake, respectively, while
DW and EW represent the waters from Dianchi Lake and Erhai Lake,
respectively.
UPGMA Clustering Analysis of Archaeal
Communities
The result of UPGMA clustering showed that water samples
were clearly separated from sediment samples, illustrating the
distinct structure difference between planktonic and sediment
archaeal communities (Figure 4). Water samples could be further
separated into four distinct clades. In either spring or summer,
Dianchi Lake waters could be clearly separated from Erhai
Lake waters. For either Dianchi Lake or Erhai Lake, spring
waters were clearly separated from summer waters, suggesting
that archaeaplankton community in summer was remarkably
different from that in spring. Moreover, Dianchi Lake sediment
samples were distantly separated from Erhai Lake sediment
samples, suggesting the distinct structure difference of sediment
archaeal communities between in these two lakes. At a given
sampling site in Dianchi Lake, the spring and summer sediment
samples were not closely clustered together, indicating sediment
archaeal community in summer was remarkably different from
that in spring. However, at sampling sites E1, E2, E5, or E6,
the spring and summer sediment samples tended to be grouped
together, suggesting the relatively slight temporal variation of
sediment archaeal community structure in Erhai Lake.
Archaeal Community Composition
In the present study, phylum Euryarchaeota predominated
in each of the water samples from Dianchi Lake and Erhai
Lake (accounting for ≥99.9%) (Supplementary Figure S4).
Euryarchaeota organisms also showed the dominance in the
sediment samples from Dianchi Lake (56.6–92.3%) and Erhai
Lake (48.8–76.2%). In either spring or summer, the proportion
of sediment Euryarchaeota organisms illustrated a remarkable
spatial change in these two freshwater lakes. Moreover, at a
given sampling site in Dianchi Lake, the summer sediment
sample generally showed lower Euryarchaeota proportion than
the corresponding spring one. An opposite trend was observed
in Erhai Lake. Phylum Bathyarchaeota also comprised a
considerable proportion in the sediment samples from Dianchi
Lake (2.2–36.6%) and Erhai Lake (18.6–36.2%). In either
spring or summer, the proportion of sediment Bathyarchaeota
organisms illustrated a remarkable spatial variation in these two
freshwater lakes. At a given sampling site in Dianchi Lake,
the sediment Bathyarchaeota proportion generally increased
in summer, but an opposite trend occurred in Erhai Lake.
Compared to Bathyarchaeota, Lokiarchaeota showed lower
proportion in sediments of both Dianchi Lake (2.5–14.8%)
and Erhai Lake (0.9–5.8%). In addition, Thaumarchaeota
and Crenarchaeota were the minor archaeal groups in in
sediments of both Dianchi Lake (Thaumarchaeota 0.1–0.6%,
Crenarchaeota 0.4–1.5%) and Erhai Lake (Thaumarchaeota 0.6–
8.6%, Crenarchaeota 0.5–3.3%).
In this study, a total of 13 archaeal classes were
identified from Dianchi Lake and Erhai Lake, including
Thermoplasmata, Halobacteria, Methanomicrobia, Methano
bacteria, Thermoprotei, Miscellaneous_Crenarchaeotic _Group,
Marine_Benthic_Group_A, Marine_Benthic_Group_B, Marine_
Group_I, Group_C3, AK8, AK59 and pSL12. Marine_
Benthic_Group_A and AK8 were usually classified as
Crenarchaeota (Dang et al., 2010; Bougouffa et al., 2013; Hugoni
et al., 2015), however, they were re-assigned as Thaumarchaeota
in the Silva database. Phylogenetic analysis also indicated that
they were more closely related to other known Thaumarchaeota
classes (AK59, Marine_Group_I and pSL12) than to Thermoprotei
(a Crenarchaeota class) (Supplementary Figure S5).
Halobacteria (within Euryarchaeota) was the predominant
archaeal class in lake waters (accounting for ≥96.7%) (Figure 5).
Halobacteria organisms was one of the major class groups
in sediments of both Dianchi Lake (18.4–31.8%) and Erhai
Lake (22.6–35%). In either spring or summer, the proportion
of sediment Halobacteria organisms displayed a considerable
spatial variation in these two lakes. At most of sampling
sites in Dianchi Lake (4 out of 6), the sediment Halobacteria
proportion decreased in summer, while an opposite trend
was found in Erhai Lake. Moreover, Thermoplasmata
(within Euryarchaeota) was also a major archaeal class in
sediments of both Dianchi Lake (24.4–65.8%) and Erhai
Lake (14–37.5%). The Thermoplasmata proportion showed
a remarkable spatial variation in both spring and summer
sediments of Dianchi Lake and in spring sediments of Erhai
Lake, but a slight one in summer sediments of Erhai Lake.
At a given sampling site in Dianchi Lake, the sediment
Thermoplasmata proportion generally decreased in summer.
In contrast, the sediment Thermoplasmata proportion showed
an increase in summer at each sampling site in Erhai Lake.
In addition, Miscellaneous_Crenarchaeotic_Group (within
Bathyarchaeota) showed a relatively high proportion in
sediments of both Dianchi Lake (1.9–35.5%) and Erhai Lake
(16.1–32.9%). In either spring or summer, the proportion of
Miscellaneous_Crenarchaeotic_Group demonstrated a large
spatial variation in both Dianchi Lake and Erhai Lake. At
most of sampling sites in Dianchi Lake (5 out of 6), the
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FIGURE 4 | Unweighted pair group method with arithmetic mean (UPGMA) clustering of water and sediment samples from Dianchi Lake and Erhai
Lake. Samples DWAp1, DWAp2, DWAp3, DWAp4, DWAp5, and DWAp6 represent the April water samples from sites D1–D6 in Dianchi Lake, respectively. Samples
DWAu1, DWAu2, DWAu3, DWAu4, DWAu5, and DWAu6 represent the August water samples from sites D1–D6 in Dianchi Lake, respectively. Samples EWAp1,
EWAp2, EWAp3, EWAp4, EWAp5, and EWAp6 represent the April water samples from sites E1–E6 in Erhai Lake, respectively. Samples EWAu1, EWAu2, EWAu3,
EWAu4, EWAu5, and EWAu6 represent the August water samples from sites E1–E6 in Erhai Lake, respectively. Samples DSAp1, DSAp2, DSAp3, DSAp4, DSAp5,
and DSAp6 represent the April sediment samples from sites D1–D6 in Dianchi Lake, respectively. Samples DSAu1, DSAu2, DSAu3, DSAu4, DSAu5, and DSAu6
represent the August sediment samples from sites D1–D6 in Dianchi Lake, respectively. Samples ESAp1, ESAp2, ESAp3, ESAp4, ESAp5, and ESAp6 represent the
April sediment samples from sites E1–E6 in Erhai Lake, respectively. Samples ESAu1, ESAu2, ESAu3, ESAu4, ESAu5, and ESAu6 represent the August sediment
samples from sites E1–E6 in Erhai Lake, respectively.
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FIGURE 5 | Comparison of the quantitative contribution of the sequences affiliated with different archaeal classes to the total number of sequences
from a given lake water or sediment sample. The archaeal sequences that could not be affiliated with known phylum are included as “others”. Samples DWAp1,
DWAp2, DWAp3, DWAp4, DWAp5, and DWAp6 represent the April water samples from sites D1–D6 in Dianchi Lake, respectively. Samples DWAu1, DWAu2,
DWAu3, DWAu4, DWAu5, and DWAu6 represent the August water samples from sites D1–D6 in Dianchi Lake, respectively. Samples EWAp1, EWAp2, EWAp3,
EWAp4, EWAp5, and EWAp6 represent the April water samples from sites E1–E6 in Erhai Lake, respectively. Samples EWAu1, EWAu2, EWAu3, EWAu4, EWAu5,
and EWAu6 represent the August water samples from sites E1–E6 in Erhai Lake, respectively. Samples DSAp1, DSAp2, DSAp3, DSAp4, DSAp5, and DSAp6
represent the April sediment samples from sites D1–D6 in Dianchi Lake, respectively. Samples DSAu1, DSAu2, DSAu3, DSAu4, DSAu5, and DSAu6 represent the
August sediment samples from sites D1–D6 in Dianchi Lake, respectively. Samples ESAp1, ESAp2, ESAp3, ESAp4, ESAp5, and ESAp6 represent the April sediment
samples from sites E1–E6 in Erhai Lake, respectively. Samples ESAu1, ESAu2, ESAu3, ESAu4, ESAu5, and ESAu6 represent the August sediment samples from
sites E1–E6 in Erhai Lake, respectively.
proportion of sediment Miscellaneous_Crenarchaeotic_Group
increased in summer. However, the proportion of sediment
Miscellaneous_Crenarchaeotic_Group illustrated a decrease in
summer at most of sampling sites in Erhai Lake (4 out of 6).
Influential Factors Regulating Archaeal
Community
Spearman rank correlation analysis indicated that
archaeaplankton abundance was negatively correlated to
the level of total organic carbon (TOC) in lake water (P < 0.01)
(Table 1). Archaeaplankton Chao1 richness illustrated significant
positive correlations with the levels of ammonia nitrogen, nitrate
nitrogen, total nitrogen (TN), and total phosphorous (TP)
(P < 0.05 or P < 0.01), but a negative correlation with the ratio
of TOC to TN (C/N) (P < 0.05). Water temperature and nitrate
nitrogen were positively correlated to archaeaplankton Shannon
diversity (P < 0.01), but negatively to the Euryarchaeota and
Halobacteria proportion (P < 0.05 or P < 0.01). The water
environmental factors in the first two RDA axes respectively
accounted for 39.5% and 13.9 % of the total variance for
archaeaplankton OTU composition (Figure 6). In the current
study, NO3−-N (F = 3.57 P = 0.002, 499 permutations), NH4+-
N (F = 2.80, P = 0.002, 499 permutations), and TN (F = 2.40,
P = 0.006, 499 permutations) significantly contributed to the
archaeaplankton–environment relationship.
Sediment archaeal abundance was negatively correlated to
sediment temperature and C/N (P < 0.01), but positively to
NH4+-N, TN and TP (P < 0.01) (Table 2). Sediment archaeal
OTUs, Chao1 richness and Shannon diversity showed positive
correlations with pH (P < 0.05 or P < 0.01), but negative
correlations with oxidation and reduction potential (ORP),
TABLE 1 | Spearman rank correlation analysis of water environmental factors with the abundance, richness, and diversity of archaeaplankton
community or the proportion of the major planktonic archaeal groups.
pH Temperature NH4+-N NO3−-N TN TP TOC C/N
Abundance 0.036 0.271 −0.259 0.293 −0.143 −0.018 −0.612∗∗ −0.332
Operational taxonomic units (OTUs) −0.394 −0.082 0.072 −0.009 0.005 −0.084 −0.043 −0.01
Chao1 richness −0.003 0.117 0.651∗∗ 0.737∗∗ 0.624∗∗ 0.481∗ 0.227 −0.438∗
Shannon diversity −0.178 0.681∗∗ 0.308 0.568∗∗ 0.061 0.146 −0.28 −0.326
Euryarchaeota −0.018 −0.427∗ −0.23 −0.484∗ −0.1 0.08 0.17 0.33
Halobacteria 0.31 −0.575∗∗ −0.188 −0.424∗ 0.049 0.084 0.19 0.21
∗Correlation is significant at the 0.05 level; ∗∗Correlation is significant at the 0.01 level. TN, total nitrogen; TP, total phosphorous; TOC, total organic carbon; C/N, the ratio
of TOC to TN.
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FIGURE 6 | Redundancy analysis (RDA) ordination plot for the first two
principal dimensions of the relationships between archaeaplankton
OTU composition and lake water parameters. Green filled and open
circles indicate the spring and summer water samples at sites D1–D6 in
Dianchi Lake, respectively. Blue filled and open circles indicate the spring and
summer water samples at sites E1–E6 in Erhai Lake, respectively.
NH4+-N, NO3−-N, TN, TP, and TOC (P < 0.05 or P < 0.01).
Sediment Euryarchaeota proportion was positively correlated to
NH4+-N and TN (P < 0.05). NH4+-N, NO3−-N, and TN were
positively correlated to sediment Thermoplasmata proportion
(P< 0.05 or P< 0.01), but negatively to sediment Bathyarchaeota
or Miscellaneous_Crenarchaeotic_Group proportion (P < 0.05 or
P < 0.01). Sediment Halobacteria proportion displayed negative
correlations with ORP and TP (P < 0.05). The sediment
environmental factors in the first two RDA axes, respectively,
explained 35.1 and 13.5% of the total variance for sediment
archaeal OTU composition (Figure 7). Sediment environmental
factors including TN (F = 3.16; P = 0.002, 499 permutations),
NH4+-N (F = 3.10; P = 0.002, 499 permutations), TP (F = 2.99;
P= 0.002, 499 permutations), and TOC (F= 1.83, P= 0.014, 499
permutations) displayed significant contribution to the sediment
archaeal population–environment relationship.
DISCUSSION
Archaeal Abundance in Freshwater Lake
Information on planktonic archaeal abundance in freshwater
lake is still limited. Several previous studies have revealed the
seasonal or temporal change of archaeaplankton abundance in
freshwater lake (Pernthaler et al., 1998; Callieri et al., 2009; Vila-
Costa et al., 2013), while only an earlier report illustrated the
horizontal variation of archaeaplankton abundance in freshwater
lake (Keough et al., 2003). Moreover, little is known about
the difference in archaeaplankton abundance among different
freshwater lakes (Auguet and Casamayor, 2008). The obtained
archaeaplankton abundance in these previous studies were
based on 4,6-diamidino-2-phenylindole (DAPI) counts and
fluorescence in situ hybridization (FISH) counts. So far, the links
between environmental factors and archaeaplankton abundance
in freshwater lake remain unclear. To the authors’ knowledge,
this was the first study to systematically compare the dynamics
of archaeaplankton abundance with sampling site and time in
freshwater lakes at different trophic status. In the present study,
qPCR targeting archaeal 16S rRNA gene was used to quantify
archaeaplankton abundance in eutrophic Dianchi Lake and
mesotrophic Erhai Lake. Archaeaplankton abundance in Dianchi
Lake and Erhai Lake was 1.03 ± 0.07 × 107– 8.2 ± 0.48 × 107
and 6.75 ± 1.71 × 105 – 1.75 ± 0.06 × 108 16S rRNA gene
copies per L water, respectively. Planktonic archaeal community
had much lower abundance than planktonic bacterial community
in Dianchi Lake, while their abundance were comparable in Erhai
Lake (Dai et al., 2015). In either Dianchi Lake or Erhai Lake,
archaeaplankton abundance in summer was evidently different
from that in spring. In summer, archaeaplankton abundance
considerably decreased in Dianchi Lake but increased in Erhai
Lake. Dianchi Lake showed higher archaeaplankton abundance
than Erhai Lake in spring, but an opposite trend was observed
in summer. Hence, the present study provided the evidence
that the difference of freshwater lake archaeaplankton abundance
TABLE 2 | Spearman rank correlation analysis of sediment environmental factors with the abundance, richness, and diversity of sediment archaeal
community or the proportion of the major sediment archaeal groups.
pH Temperature ORP NH4+-N NO3−-N TN TP TOC C/N
Abundance −0.045 −0.779∗∗ −0.137 0.548∗∗ 0.227 0.79∗∗ 0.554∗∗ 0.028 −0.541∗∗
OTUs 0.449∗ 0.097 −0.445∗ −0.758∗∗ −0.427∗ −0.708∗∗ −0.767∗∗ −0.626∗∗ −0.203
Chao1 richness 0.526∗∗ 0.021 −0.577∗∗ −0.632∗∗ −0.452∗ −0.623∗∗ −0.745∗∗ −0.501∗ −0.199
Shannon diversity 0.424∗ 0.004 −0.437∗ −0.734∗∗ −0.583∗∗ −0.699∗∗ −0.677∗∗ −0.575∗∗ −0.195
Euryarchaeota −0.254 −0.215 0.05 0.408∗ 0.372 0.494∗ 0.205 0.045 −0.268
Bathyarchaeota 0.379 0.238 −0.143 −0.501∗ −0.476∗ −0.570∗∗ −0.273 −0.125 0.205
Thermoplasmata −0.346 −0.075 0.173 0.428∗ 0.443∗ 0.541∗∗ 0.375 0.104 −0.203
Halobacteria 0.34 −0.188 −0.449∗ −0.224 −0.028 −0.117 −0.405∗ −0.167 −0.204
Miscellaneous_Crenarchaeotic_Group 0.327 0.265 −0.098 −0.456∗ −0.419∗ −0.496∗ −0.201 −0.077 0.211
∗Correlation is significant at the 0.05 level; ∗∗Correlation is significant at the 0.01 level. ORP, oxidation and reduction potential; TN, total nitrogen; TP, total phosphorous;
TOC, total organic carbon; C/N, the ratio of TOC to TN.
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between in spring and summer was lake-specific. In contrast,
Dianchi Lake showed higher planktonic bacterial abundance
than Erhai Lake in both spring and summer (Dai et al., 2015).
In addition, a considerable spatial change of archaeaplankton
abundance occurred in Dianchi Lake. This was in agreement with
the results reported in the previous studies (Pernthaler et al.,
1998; Callieri et al., 2009; Vila-Costa et al., 2013). However, in
Erhai Lake, archaeaplankton abundance illustrated a remarkable
spatial variation in summer but only a slight one in spring. This
suggested that the spatial change of archaeaplankton abundance
might be lake- and time-specific. The result of Spearman rank
correlation analysis suggested that water TOC might be a key
determinant of archaeaplankton abundance in Dianchi Lake and
Erhai Lake. To the authors’ knowledge, this was the first report on
the potential influence of TOC on archaeaplankton abundance
in freshwater lake. Our previous study suggested that lake
trophic status might be a key determinant to bacterioplankton
abundance in these two lakes (Dai et al., 2015). Hence,
the variables regulating archaeaplankton abundance might be
different from that regulating bacterioplankton abundance in
freshwater lake.
There have been only several reports on sediment archaeal
abundance in freshwater lake ecosystems. Schwarz et al. (2007)
revealed a slight temporal fluctuation of archaeal abundance
in profundal sediment in Lake Kinneret. Two previous
studies displayed the sediment depth-related change of archaeal
abundance in Lake Pavin (Borrel et al., 2012) and LakeTaihu
(Ye et al., 2009). Our recent study reported the difference of
archaeal abundance in profundal sediments of small freshwater
lakes on the Yunnan Plateau (Zhang et al., 2015). All of these
previous studies applied qPCR to quantify lake sediment archaeal
abundance. To date, information on the horizontal change
of sediment archaeal abundance in a given freshwater lake is
still lacking. The environmental variables driving the shift in
sediment archaeal abundance remain unknown. To the authors’
knowledge, this was also the first study to systematically compare
the dynamics of sediment archaeal abundance with sampling
site and time in different freshwater lakes. In this study, qPCR
was used to quantify sediment archaeal abundance in Dianchi
Lake and Erhai Lake. Sediment archaeal abundance in Dianchi
Lake and Erhai Lake was 1.4 ± 0.2 × 109–1.45 ± 0.02 × 1010
and 3.3 ± 0.65 × 108–4.95 ± 0.11 × 109 16S rRNA gene
copies per gram dry sediment, respectively, higher than that in
meso-eutrophic Lake Kinneret and oligomesotrophic Lake Pavin
(Schwarz et al., 2007; Borrel et al., 2012) but lower than that
in eutrophic Lake Taihu (Ye et al., 2009). In either spring or
summer, eutrophic Dianchi Lake tended to have higher sediment
archaeal abundance than mesotrophic Erhai Lake. Sediment
archaeal community had much higher abundance than sediment
bacterial community in Dianchi Lake, but their abundance was
comparable in Erhai Lake (Dai et al., 2015). The result of
Spearman rank correlation analysis also suggested that sediment
archaeal abundance was likely influenced by the variables
associated with the trophic status including NH4+-N, TN, and
TP. Therefore, sediment archaeal abundance in freshwater lake
might be determined by trophic status. Our previous study
indicated that sediment bacterial abundance in Dianchi Lake
FIGURE 7 | Redundancy analysis ordination plot for the first two
principal dimensions of the relationships between sediment archaeal
OTU composition and sediment parameters. Green filled and open circles
indicate the spring and summer sediment samples at sites D1–D6 in Dianchi
Lake, respectively. Blue filled and open circles indicate the spring and summer
sediment samples at sites E1–E6 in Erhai Lake, respectively.
and Erhai Lake might be influenced by pH, ORP, TOC, and
C/N (Dai et al., 2015). Hence, the variables regulating sediment
archaeal abundance might be different from that regulating
bacterial archaeal abundance in freshwater lake. Moreover, in
summer, sediment archaeal abundance considerably decreased
in both Dianchi Lake and Erhai Lake. The result of Spearman
rank correlation analysis further confirmed the negative effect of
temperature rise on sediment archaeal abundance. In addition, in
both Dianchi Lake and Erhai Lake, sediment archaeal abundance
showed a remarkable spatial change in spring but a slight
one in summer. This suggested that the spatial change of
sediment archaeal abundance in freshwater lake might be time-
specific.
Archaeal Community Richness and
Diversity in Freshwater Lake
The archaeaplankton community richness and diversity in
freshwater lake has been usually investigated using traditional
low-profiling molecular biology tools, such as terminal restriction
fragment length polymorphism (TRFLP; Lehours et al., 2005),
denaturing gradient gel electrophoresis (DGGE; Casamayor et al.,
2000, 2001), and clone library (Lehours et al., 2007; Berdjeb
et al., 2013). The application of high-throughput sequencing
analysis to depict freshwater lake archaeaplankton community
richness and diversity is still very limited (Vila-Costa et al.,
2013; Li et al., 2015). Several previous studies suggested the
marked seasonal or temporal change of archaeaplankton richness
and diversity in freshwater lake (Casamayor et al., 2001;
Berdjeb et al., 2013; Vila-Costa et al., 2013; Li et al., 2015),
whereas Casamayor et al. (2000) indicated that the seasonal
Frontiers in Microbiology | www.frontiersin.org 10 March 2016 | Volume 7 | Article 451
fmicb-07-00451 March 30, 2016 Time: 10:53 # 11
Yang et al. Archaeal Communities in Freshwater Lakes
change of lake archaeaplankton DGGE pattern was not evident.
Moreover, few previous studies compared the difference of
archaeaplankton richness and diversity in various freshwater lake
systems (Casamayor et al., 2001; Berdjeb et al., 2013; Vila-Costa
et al., 2013). To date, there is a paucity of knowledge on the
environmental factors driving the dynamics of archaeaplankton
richness and diversity in freshwater lake. In this study, Illumina
MiSeq high-throughput sequencing was used to monitor the
dynamics of archaeaplankton communities in Dianchi Lake
and Erhai Lake. The planktonic archaeal OTU number, Chao1
richness and Shannon diversity index in Dianchi Lake and Erhai
Lake were 44–262 and 44–360, 64–331 and 42–132, and 1.6–
3.32 and 1.69–2.16, respectively. The observed archaeal OTU
number was comparable to that reported in other freshwater
lakes using 454 pyrosequencing analysis (Vila-Costa et al.,
2013). Archaeaplankton community in either Dianchi Lake or
Erhai Lake had much lower OTU number, Chao1 richness and
Shannon diversity index than bacterioplankton community (Dai
et al., 2015). The evident spatial change of archaeaplankton
richness was found in both Dianchi Lake and Erhai Lake. The
variation of archaeaplankton richness in two different seasons
could be observed at a given site in these two freshwater lakes,
which was consistent with the results reported in other freshwater
lakes (Casamayor et al., 2001; Berdjeb et al., 2013; Vila-Costa
et al., 2013; Li et al., 2015). In addition, Dianchi Lake tended to
have higher archaeaplankton richness than Erhai Lake. Spearman
rank correlation analysis indicated that archaeaplankton richness
showed positive correlations with the variables associated with
the trophic status including NH4+-N, NO3−-N, TN, and TP
(P < 0.05). Therefore, archaeaplankton richness in freshwater
lake might be determined by trophic status. A remarkable
spatial variation of archaeaplankton diversity occurred in Dianchi
Lake, but only a slight one in Erhai Lake. This suggested
that the spatial variation of archaeaplankton diversity might
be lake-specific. In either of the two lakes, archaeaplankton
diversity increased in summer. The result of Spearman rank
correlation analysis further confirmed the positive influence
of temperature rise on archaeaplankton diversity. Spearman
rank correlation analysis suggested that nitrate nitrogen might
also play an important role in determining archaeaplankton
diversity.
Our previous study indicated that trophic status might be
also an important driving force for bacterioplankton community
richness and diversity in Dianchi Lake and Erhai Lake (Dai et al.,
2015).
A few previous studies documented the evident horizontal
change of sediment archaeal richness in freshwater lake
ecosystem (Liu et al., 2009; Haller et al., 2011; Bhattarai et al.,
2012), yet direct information is missing about the horizontal
change of sediment archaeal diversity. The seasonal effect
on sediment archaeal richness and diversity remains unclear.
A slight seasonal shift in sediment archaeal richness and diversity
occurred in Lake Kinneret (Schwarz et al., 2007), whereas
a profound seasonal effect was observed in a Cerrado lake
(Rodrigues et al., 2014). All of these previous studies were
based on traditional low-profiling molecular biology tools. High-
throughput sequencing has found a number of applications in
depicting sediment archaeal community (Xie et al., 2014; Hu
et al., 2015; Liu et al., 2015; Polymenakou et al., 2015), yet
information about its application in freshwater lake sediment
archaeal community is still very limited. Our recent study
applied Illumina MiSeq high-throughput sequencing to compare
the difference of archaeal community richness and diversity
in profundal sediments of various freshwater lakes (Zhang
et al., 2015). To date, the environmental factors regulating
sediment archaeal richness and diversity in freshwater lake
remain elusive. In this study, Illumina MiSeq sequencing
was applied to monitor the dynamics of sediment archaeal
communities in Dianchi Lake and Erhai Lake. The sediment
archaeal OTU number, Chao1 richness and Shannon diversity
index in Dianchi Lake and Erhai Lake were 543–782 and
950–1135, 858–1136 and 1210–1572, and 2.99–4.3 and 4.46–
5.23, respectively, generally much lower than the reported
values for profundal sediments in small freshwater lakes on
the Yunnan Plateau (Zhang et al., 2015). Sediment archaeal
community in either Dianchi Lake or Erhai Lake had much
lower OTU number, Chao1 richness and Shannon diversity
index than sediment bacterial community (Dai et al., 2015).
The result of Spearman rank correlation analysis revealed that
sediment archaeal OTU number, Chao1 richness and Shannon
diversity were negatively correlated with a number of variables
associated with the trophic status including NH4+-N, NO3−-
N, TN, and TP (P < 0.05). To the authors’ knowledge, the
present report provided the evidence for the first time that lake
trophic status played a crucial role in determining sediment
archaeal richness and diversity. Our previous study also suggested
that sediment bacterial richness and diversity in Dianchi Lake
and Erhai Lake might be influenced by lake trophic status
(Dai et al., 2015). Eutrophic Dianchi Lake had much lower
sediment archaeal richness and diversity than mesotrophic Erhai
Lake. Dianchi Lake also had lower sediment bacterial richness
and diversity than Erhai Lake (Dai et al., 2015). Sediment
archaeal richness and diversity might be also influences by
other environmental factors (pH, ORP and TOC). The evident
spatial change of sediment archaeal richness was found in
both Dianchi Lake and Erhai Lake. This was in consistency
with the previous studies (Liu et al., 2009; Haller et al., 2011;
Bhattarai et al., 2012). The present study further displayed
the evident spatial variation of sediment archaeal diversity.
The difference of sediment archaeal richness between in spring
and summer could be usually observed at a given site in
these two freshwater lakes. This was in agreement with the
result observed for a Cerrado lake (Rodrigues et al., 2014).
Sediment archaeal diversity in Erhai Lake slightly increased in
summer, whereas no clear trend of diversity shift was observed
in Dianchi Lake. This suggested that the change of sediment
archaeal diversity with sampling time might be lake-specific.
To date, no information exists on the discrepancy of archaeal
richness or diversity between in water column and in sediment
of freshwater lake. The current study revealed that sediments
had much higher archaeal richness and diversity than waters.
In both Dianchi Lake and Erhai Lake, bacterial richness and
diversity were also higher in sediments than in waters (Dai et al.,
2015).
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Archaeal Community Structure in
Freshwater Lake
The seasonal or temporal change of archaeaplankton community
structure in freshwater lake has been well-documented
(Casamayor et al., 2001; Lliros et al., 2008; Berdjeb et al.,
2013; Vila-Costa et al., 2013; Li et al., 2015). In the present study,
the results of UPGMA clustering indicated an apparent difference
of archaeaplankton community structure between in spring and
summer in either Dianchi Lake or Erhai Lake. Our previous
study also revealed the temporal change of bacterioplankton
community structure in either of these two lakes (Dai et al.,
2015). A remarkable difference of bacterioplankton community
structure occurred between in Dianchi Lake and Erhai Lake
(Dai et al., 2015). In this study, Dianchi Lake and Erhai Lake
also differed in archaeaplankton community structure. Some
previous studies also illustrated the evident discrepancy of
archaeaplankton community structure between (or among)
different freshwater lakes (Casamayor et al., 2000, 2001;
Auguet and Casamayor, 2008; Vila-Costa et al., 2013). Hence,
archaeaplankton community structure might be lake-specific.
Moreover, in either Dianchi Lake or Erhai Lake, the result
of UPGMA clustering suggested that the temporal variation
of archaeaplankton community was greater than the spatial
variation. This was consistent with the result reported for Lake
Taihu (Li et al., 2015). So far, the links between environmental
variables and archaeaplankton community structure remain
not well understood. Berdjeb et al. (2013) suggested that
archaeaplankton community structure might be regulated by a
number of environmental factors such as temperature, nutrients,
chlorophyll a and dissolved oxygen. In this study, the result of
RDA suggested that trophic status might play a crucial role in
shaping archaeaplankton community structure. Nutrients as
well as temperature might shape bacterioplankton community
structure in Dianchi Lake and Erhai Lake (Dai et al., 2015).
The slight temporal shift in sediment archaeal community
structure has been reported in Lake Kinneret (Schwarz et al.,
2007) and Lake Taihu (Chen et al., 2015). In contrast, Rodrigues
et al. (2014) showed the considerable seasonality of sediment
archaeal community structure in a Cerrado lake. In this study,
the result of UPGMA clustering suggested the slight difference
of sediment archaeal community structure between in spring
and summer in Erhai Lake, but the remarkable difference in
Dianchi Lake. Therefore, the difference of sediment archaeal
community structure between in spring and summer might
be lake-specific. Our previous studies illustrated that sediment
bacterial community structure in Dianchi Lake was distinctly
different from that in Erhai Lake (Dai et al., 2015). In this
study, the distinct structure difference of sediment archaeal
communities was found between in Dianchi Lake and in Erhai
Lake. Small freshwater lakes on the Yunnan Plateau also showed
the evident discrepancy of sediment archaeal community
structure (Zhang et al., 2015). These two studies suggested that
sediment archaeal community structure might be also lake-
specific. In addition, the present study provided the evidence for
the first time that lake water and sediment had distinct archaeal
community structures. The environmental factors driving the
spatiotemporal dynamics of lake sediment archaeal community
remain poorly documented. Chen et al. (2015) suggested the
potential role of trophic level in shaping lake sediment archaeal
community. In this study, the result of RDA suggested that TN,
NH4+-N, TP, and TOC might collectively shape lake sediment
archaeal community structure. These environmental factors also
collectively structure sediment bacterial community in Dianchi
Lake and Erhai Lake (Dai et al., 2015).
Phylogenetic analysis of archaeal communities indicated that
phylum Euryarchaeota predominated in waters of both Dianchi
Lake and Erhai Lake (accounting for ≥99.9%), but showed
relatively lower proportion in sediments of Dianchi Lake (56.6–
92.3%) and Erhai Lake (48.8–76.2%). Phylum Bathyarchaeota
also accounted for a considerable proportion in sediments
of both Dianchi Lake (2.2–36.6%) and Erhai Lake (18.6–
36.2%). At class level, Halobacteria was the predominant
archaeal class in lake waters (accounting for ≥96.7%), while
sediment archaeal communities in Dianchi Lake and Erhai
Lake were mainly composed of Halobacteria (18.4–31.8%
or 22.6–35%), Thermoplasmata (24.4–65.8% or 14–37.5%)
and Miscellaneous_Crenarchaeotic_Group (1.9–35.5% or 16.1–
32.9%). The Venn diagrams also demonstrate that, in either
Dianchi Lake or Erhai Lake only a small proportion of OTUs
detected in sediment was identified in water. These results
further confirmed that water and sediment habitats differed
greatly in archaeal community structure. To date, there has
been no consensus on the dominant archaeaplankton phylum
in freshwater lake. Several previous studies displayed the
dominance of Euryarchaeota in freshwater lake archaeaplankton
community (Lehours et al., 2007; Auguet and Casamayor,
2008; Vila-Costa et al., 2013). This was consistent with
the current study. In contrast, Li et al. (2015) suggested
that Crenarchaeota organisms were more abundant than
Euryarchaeota organisms in Lake Taihu. Casamayor et al.
(2000) found that Euryarchaeota dominated in one lake, but
Crenarchaeota in another lake. Berdjeb et al. (2013) even
suggested the predominance of phylum Thaumarchaeota in two
deep freshwater lakes. So far, the links between Euryarchaeota and
environmental factors in freshwater remain unclear. In this study,
the result of Spearman rank correlation analysis suggested that
the Euryarchaeota proportion in archaeaplankton community
might be negatively influenced by water temperature and nitrate
level.
Euryarchaeota organisms were usually found to predominate
in freshwater lake sediment archaeal community (Schwarz
et al., 2007; Liu et al., 2009; Ye et al., 2009; Haller et al.,
2011; Bhattarai et al., 2012; Borrel et al., 2012; Kadnikov
et al., 2012). In this study, Euryarchaeota organisms showed
the dominance in sediments of both Dianchi Lake and Erhai
Lake, but Bathyarchaeota organisms also showed a considerable
proportion. The present study illustrated a remarkable spatial
fluctuation of the sediment Euryarchaeota and Bathyarchaeota
proportion in both Dianchi Lake and Erhai Lake, further
indicating the evident spatial change of sediment archaeal
community structure. In Dianchi Lake, in summer, the
sediment Bathyarchaeota proportion generally increased, while
the Euryarchaeota proportion generally decreased. An opposite
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trend was observed in Erhai Lake. These results suggested that the
temporal change of sediment Euryarchaeota and Bathyarchaeota
proportion were lake-specific. To date, the environmental factors
influencing the Euryarchaeota and Bathyarchaeota proportion in
freshwater lake sediment remain unknown. In this study, the
result of Spearman rank correlation analysis suggested that the
Euryarchaeota proportion was positively influenced by the levels
of sediment ammonia nitrogen and TN, while the Bathyarchaeota
proportion was negatively influenced by ammonia nitrogen,
nitrate nitrogen and TN. Hence, sediment nitrogen level might
be a key determinant of sediment archaeal community structure
in freshwater lake, which was also sustained by the result of
RDA. Chen et al. (2015) suggested that archaeal community
structure was sensitive to the sediment trophic level in Lake
Taihu.
CONCLUSION
Dianchi Lake and Erhai Lake had distinct both planktonic and
sediment archaeal communities, which might be determined by
lake trophic status. Water and sediment habitats also differed
greatly in archaeal community structure. Euryarchaeota showed
the dominance in waters and sediments of both Dianchi Lake and
Erhai Lake, but Bathyarchaeotawas also an important component
in lake sediments.
AUTHOR CONTRIBUTIONS
Conceived and designed the experiments: SX and YL; Performed
the experiments: YY, YD, and ZW; Analyzed the data: YY and
YD; Wrote the paper: SX.
ACKNOWLEDGMENTS
This work was financially supported by National Natural
Science Foundation of China (No. 41571444), National Basic
Research Program of China (2015CB458900), and Collaborative
Innovation Center for Regional Environmental Quality.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2016.00451
REFERENCES
Auguet, J. C., and Casamayor, E. O. (2008). A hotspot for cold Crenarchaeota in
the neuston of high mountain lakes. Environ. Microbiol. 10, 1080–1086. doi:
10.1111/j.1462-2920.2007.01498.x
Berdjeb, L., Pollet, T., Chardon, C., and Jacquet, S. (2013). Spatio-temporal changes
in the structure of archaeal communities in two deep freshwater lakes. FEMS
Microbiol. Ecol. 86, 215–230. doi: 10.1111/1574-6941.12154
Bhattarai, S., Ross, K. A., Schmid, M., Anselmetti, F. S., and Burgmann, H.
(2012). Local conditions structure unique archaeal communities in the
anoxic sediments of meromictic Lake Kivu. Microb. Ecol. 64, 291–310. doi:
10.1007/s00248-012-0034-x
Billard, E., Domaizon, I., Tissot, N., Arnaud, F., and Lyautey, E. (2015).
Multi-scale phylogenetic heterogeneity of archaea, bacteria, methanogens
and methanotrophs in lake sediments. Hydrobiologia 751, 159–173. doi:
10.1007/s10750-015-2184-6
Borrel, G., Lehours, A. C., Crouzet, O., Jezequel, D., Rockne, K., Kulczak, A.,
et al. (2012). Stratification of Archaea in the deep sediments of a
freshwater meromictic lake: vertical shift from methanogenic to uncultured
archaeal lineages. PLoS ONE 7:e43346. doi: 10.1371/journal.pone.
0043346
Bougouffa, S., Yang, J. K., Lee, O. O., Wang, Y., Batang, Z., Al-Suwailem, A.,
et al. (2013). Distinctive microbial community structure in highly stratified
deep-sea brine water columns. Appl. Environ. Microbiol. 79, 3425–3437. doi:
10.1128/AEM.00254-13
Callieri, C., Corno, G., Caravati, E., Rasconi, S., Contesini, M., and Bertoni, R.
(2009). Bacteria, Archaea and Crenarchaeota in the epilimnion and
hypolimnion of a deep holo-oligomictic lake. Appl. Environ. Microbiol.
75, 7298–7300. doi: 10.1128/AEM.01231-09
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman,
F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 7, 335–336. doi:
10.1038/nmeth.f.303
Casamayor, E. O., Muyzer, G., and Pedrós-Alió, C. (2001). Composition
and temporal dynamics of planktonic archaeal assemblages from anaerobic
sulfurous environments studied by 16S rDNA denaturing gradient gel
electrophoresis and sequencing. Aquat. Microb. Ecol. 25, 237–246. doi:
10.3354/ame025237
Casamayor, E. O., Schafer, H., Baneras, L., Pedros-Alio, C., and Muyzer, G.
(2000). Identification of and spatio-temporal differences between microbial
assemblages from two neighboring sulfurous lakes: comparison by microscopy
and denaturing gradient gel electrophoresis. Appl. Environ. Microbiol. 2, 499–
508. doi: 10.1128/AEM.66.2.499-508.2000
Chen, N., Yang, J. S., Qu, J. H., Li, H. F., Liu, W. J., and Li, B. Z. (2015). Sediment
prokaryote communities in different sites of eutrophic Lake Taihu and their
interactions with environmental factors. World J. Microbiol. Biotechnol. 31,
883–896. doi: 10.1007/s11274-015-1842-1
Coolen, M. J. L., Hopmans, E. C., Rijpstra, W. I. C., Muyzer, G., Schouten, S.,
and Volkman, J. K. (2004). Evolution of the methane cycle in Ace
Lake (Antarctica) during the Holocene: response of methanogens and
methanotrophs to environmental change. Org. Geochem. 35, 1151–1167. doi:
10.1016/j.orggeochem.2004.06.009
Dai, Y., Yang, Y., Wu, Z., Feng, Q. Y., Xie, S. G., and Liu, Y. (2015). Spatiotemporal
variation of planktonic and sediment bacterial assemblages in two plateau
freshwater lakes at different trophic status. Appl. Microbiol. Biotechnol. doi:
10.1007/s00253-015-7253-2 [Epub ahead of print].
Dang, H. Y., Luan, X. W., Chen, R. P., Zhang, X. X., Guo, L. Z., and Klotz, M. G.
(2010). Diversity, abundance and distribution of amoA-encoding archaea in
deep-sea methane seep sediments of the Okhotsk Sea. FEMS Microbiol. Ecol.
72, 370–385. doi: 10.1111/j.1574-6941.2010.00870.x
Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604
Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194–2200. doi: 10.1093/bioinformatics/btr381
Haller, L., Tonolla, M., Zopfi, J., Peduzzi, R., Wildi, W., and Pote, J. (2011).
Composition of bacterial and archaeal communities in freshwater sediments
with different contamination levels (Lake Geneva Switzerland). Water Res. 45,
1213–1228. doi: 10.1016/j.watres.2010.11.018
Hu, A. Y., Hou, L. Y., and Yu, C. P. (2015). Biogeography of planktonic and benthic
archaeal communities in a subtropical eutrophic estuary of China. Microb. Ecol.
70, 322–335. doi: 10.1007/s00248-015-0597-4
Hugoni, M., Agogue, H., Taib, N., Domaizon, I., Mone, A., Galand, P. E.,
et al. (2015). Temporal dynamics of active prokaryotic nitrifiers and archaeal
communities from river to sea. Microb. Ecol. 70, 473–483. doi: 10.1007/s00248-
015-0601-z
Frontiers in Microbiology | www.frontiersin.org 13 March 2016 | Volume 7 | Article 451
fmicb-07-00451 March 30, 2016 Time: 10:53 # 14
Yang et al. Archaeal Communities in Freshwater Lakes
Jung, J., Yeom, J., Kim, J., Han, J., Lim, H. S., and Park, H. (2011). Change
in gene abundance in the nitrogen biogeochemical cycle with temperature
and nitrogen addition in Antarctic soils. Res. Microbiol. 162, 1018–1026. doi:
10.1016/j.resmic.2011.07.007
Kadnikov, V. V., Mardanov, A. V., Beletsky, A. V., Shubenkova, O. V., Pogodaeva,
T. V., and Zemskaya, T. I. (2012). Microbial community structure in methane
hydrate-bearing sediments of freshwater Lake Baikal. FEMSMicrobiol. Ecol. 79,
348–358. doi: 10.1111/j.1574-6941.2011.01221.x
Keough, B. P., Schmidt, T. M., and Hicks, R. E. (2003). Archaeal nucleic acids in
picoplankton from great lakes on three continents. Microb. Ecol. 46, 238–248.
doi: 10.1007/s00248-003-1003-1
Lehours, A. C., Bardot, C., Thenot, A., Debroas, D., and Fonty, G. (2005).
Anaerobic microbial communities in Lake Pavin, a unique meromictic lake in
France. Appl. Environ. Microbiol. 71, 7389–7400. doi: 10.1128/AEM.71.11.7389-
7400.2005
Lehours, A. C., Evans, P., Bardot, C., Joblin, K., and Gerard, F. (2007). Phylogenetic
diversity of archaea and bacteria in the anoxic zone of a meromictic
lake (Lake Pavin, France). Appl. Environ. Microbiol. 73, 2016–2019. doi:
10.1128/AEM.01490-06
Lepš, J., and Šmilauer, P. (2003). Multivariate Analysis of Ecological Data Using
CANOCO. New York, NY: Cambridge University Press.
Li, J. F., Zhang, J. Y., Liu, L. Y., Fan, Y. C., Li, L. S., and Yang, Y. F. (2015). Annual
periodicity in planktonic bacterial and archaeal community composition of
eutrophic Lake Taihu. Sci. Rep. 5, 15488. doi: 10.1038/srep15488
Liu, F. H., Lin, G. H., Gao, G., Qin, B. Q., Zhang, J. S., and Zhao, G. P. (2009).
Bacterial and archaeal assemblages in sediments of a large shallow freshwater
lake Lake Taihu as revealed by denaturing gradient gel electrophoresis. J. Appl.
Microbiol. 106, 1022–1032. doi: 10.1111/j.1365-2672.2008.04069.x
Liu, J. W., Liu, X. S., Wang, M., Qiao, Y. L., Zheng, Y. F., and Zhang, X. H. (2015).
Bacterial and archaeal communities in sediments of the north Chinese marginal
seas. Microb. Ecol. 70, 105–117. doi: 10.1007/s00248-014-0553-8
Liu, L., Peng, Y., Zheng, X. H., Xiao, L., and Yang, L. Y. (2010). Vertical structure
of bacterial and archaeal communities within the sediment of a eutrophic lake
as revealed by culture-independent methods. J. Freshw. Ecol. 25, 565–573. doi:
10.1080/02705060.2010.9664406
Liu, Y., Zhang, J. X., Zhang, X. L., and Xie, S. G. (2014). Depth-related changes
of sediment ammonia-oxidizing microorganisms in a high-altitude freshwater
wetland. Appl. Microbiol. Biotechnol. 98, 5697–5707. doi: 10.1007/s00253-014-
5651-5
Lliros, M., Casamayor, E. O., and Borrego, C. (2008). High archaeal richness in the
water column of a freshwater sulfurous karstic lake along an interannual study.
FEMS Microbiol. Ecol. 66, 331–342. doi: 10.1111/j.1574-6941.2008.00583.x
Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for
comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235.
doi: 10.1128/AEM.71.12.8228-8235.2005
Pernthaler, J., Glockner, F. O., Unterholzner, S., Alfreider, A., Psenner, R., and
Amann, R. (1998). Seasonal community and population dynamics of pelagic
bacteria and archaea in a high mountain lake. Appl. Environ. Microbiol. 64,
4299–4306.
Polymenakou, P. N., Christakis, C. A., Mandalakis, M., and Oulas, A.
(2015). Pyrosequencing analysis of microbial communities reveals dominant
cosmopolitan phylotypes in deep-sea sediments of the eastern Mediterranean
Sea. Res. Microbiol. 166, 448–457. doi: 10.1016/j.resmic.2015.03.005
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/
gks1219
Rodrigues, T., Catao, E., Bustamante, M. M. C., Quirino, B. F., Kruger, R. H.,
and Kyaw, C. M. (2014). Seasonal effects in a lake sediment archaeal
community of the Brazilian Savanna. Archaea 2014, 957145. doi: 10.1155/2014/
957145
Schwarz, J. I. K., Eckert, W., and Conrad, R. (2007). Community structure of
archaea and bacteria in a profundal lake sediment Lake Kinneret (Israel). Syst.
Appl. Microbiol. 30, 239–254. doi: 10.1016/j.syapm.2006.05.004
Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–
2729. doi: 10.1093/molbev/mst197
Vila-Costa, M., Barberan, A., Auguet, J. C., Sharma, S., Moran, M. A.,
and Casamayor, E. O. (2013). Bacterial and archaeal community structure
in the surface microlayer of high mountain lakes examined under two
atmospheric aerosol loading scenarios. FEMS Microbiol. Ecol. 84, 387–397. doi:
10.1111/1574-6941.12068
Wang, S. R., Zheng, B. H., Chen, C., Dohmann, M., and Kolditz, O. (2015).
Thematic issue: water of the Erhai and Dianchi Lakes. Environ. Earth Sci. 74,
3685–3688. doi: 10.1007/s12665-015-4727-6
Xie, W., Zhang, C. L., Zhou, X. D., and Wang, P. (2014). Salinity-dominated
change in community structure and ecological function of Archaea from the
lower Pearl River to coastal South China Sea. Appl. Microbiol. Biotechnol. 98,
7971–7982. doi: 10.1007/s00253-014-5838-9
Ye, W. J., Liu, X. L., Lin, S. Q., Tan, J., Pan, J. L., and Li, D. T. (2009). The
vertical distribution of bacterial and archaeal communities in the water and
sediment of Lake Taihu. FEMSMicrobiol. Ecol. 70, 263–276. doi: 10.1111/j.1574-
6941.2009.00761.x
Zhang, J. X., Yang, Y. Y., Zhao, L., Li, Y. Z., Xie, S. G., and Liu, Y.
(2015). Distribution of sediment bacterial and archaeal communities in
plateau freshwater lakes. Appl. Microbiol. Biotechnol. 99, 3291–3302. doi:
10.1007/s00253-014-6262-x
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Yang, Dai, Wu, Xie and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 14 March 2016 | Volume 7 | Article 451
